The salamander family Hynobiidae contains over 50 species and has been the subject of a number of molecular phylogenetic investigations aimed at reconstructing branches across the entire family. In general, studies using the greatest amount of sequence data have used reduced taxon sampling, while the study with the greatest taxon sampling has used a limited sequence data set. Here, we provide insights into the phylogenetic history of the Hynobiidae using both dense taxon sampling and a large mitochondrial DNA sequence data set. We report exclusive new mitochondrial DNA data of 2566 aligned bases (with 151 excluded sites, of included sites 1157 are variable with 957 parsimony informative). This is sampled from two genic regions encoding a 12S-16S region (the 3' end of 12S rRNA, tRNA VAl , and the 5' end of 16S rRNA), and a ND2-COI region (ND2, tRNA Trp , and the 5' end of COI). Analyses using parsimony, Bayesian, and maximum likelihood optimality criteria produce similar phylogenetic trees, with discordant branches generally receiving low levels of branch support. Monophyly of the Hynobiidae is strongly supported across all analyses, as is the sister relationship and deep divergence between the genus Onychodactylus with all remaining hynobiids. Within this latter grouping our phylogenetic results identify six clades that are relatively divergent from one another, but for which there is minimal support for their phylogenetic placement. This includes the genus Batrachuperus, the genus Hynobius, the genus Pachyhynobius, the genus Salamandrella, a clade containing the genera Ranodon and Paradactylodon, and a clade containing the genera Liua and Pseudohynobius. This latter clade receives low bootstrap support in the parsimony analysis, but is consistent across all three analytical methods. Our results also clarify a number of well-supported relationships within the larger Batrachuperus and Hynobius clades. While the relationships identified in this study do much to clarify the phylogenetic history of the Hynobiidae, the poor resolution among major hynobiid clades, and the contrast of mtDNA-derived relationships with recent phylogenetic results from a small number of nuclear genes, highlights the need for continued phylogenetic study with larger numbers of nuclear loci.
Introduction
The salamander family Hynobiidae is comprised of a diverse assemblage of over 50 species distributed entirely within continental Asia and adjacent islands. Subsets of this family have been the focus of numerous allozyme and mitochondrial DNA-based evolutionary investigations (Fu et al., 2001; Matsui et al., 1992 Matsui et al., , 2000 Matsui et al., , 2001 Matsui et al., , 2004 Matsui et al., , 2006 Matsui, Nishikawa, et al., 2007; Matsui, Tominaga, et al., 2007; Nishikawa et al., 2005; Nishikawa et al., 2001 Nishikawa et al., , 2007 Tominaga et al., 2003 Tominaga et al., , 2005 Tominaga et al., , 2006 Zeng et al., 2006) . Three different studies have investigated phylogenetic relationships on a broader scale within the Hynobiidae. Zhang et al. (2006) analyzed complete mitochondrial DNA genome data (>14,000 aligned nucleotides) from 16 hynobiid taxa representing major groups within the family and a cryptobranchid outgroup (Andrias davidianus).
The results of Zhang et al. (2006) yielded a resolved branching history and began to clarify some of the major relationships within the family. The basal split in the family between the lung-less salamanders of the genus Onychodactylus and all remaining hynobiids received strong branch support across all optimality criteria [i.e., Bayesian posterior probabilities (PP) of 1.0 and bootstrap percentages (BP) of 100]. A similar pattern of strong branch support was produced for the placement of the genera Ranodon and Paradactylodon in a clade, as well as for the individual monophyly of the genera Batrachuperus, Hynobius, Liua, and Paradactylodon. More recently, Zheng et al. (2011) used mtDNA genome data and nuclear sequence data from three loci to investigate divergence times estimated among salamander groups. This study included 25 hynobiid species with representatives of all genera and 10 species sampled from the diverse genus Hynobius. Concatenated analyses of the nuclear data produced a tree topology similar to that of the mtDNA tree. The most notable exceptions were the placement of the Pachyhynobius and Salamandrella relationships with respect to other taxa, which had alternate placements in the mtDNA and nuclear trees. Finally, as part of a large scale phylogenetic study of all amphibians, Pyron & Wiens (2011) estimated phylogenetic relationships for 49 hynobiid species using DNA sequence data (primarily mtDNA) gleaned from GenBank. The results from this study also produced a highly resolved tree, but many relationships, particularly those uniting different genera, received low maximum likelihood bootstrap branch support, despite receiving strong branch support in other studies.
These overall results represent a major advancement in our understanding of hynobiid phylogenetics; however, a number of additional aspects of hynobiid relationships remain to be clarified. The complete mtDNA genome results of Zhang et al. (2006) and Zheng et al. (2011) each provide a fully resolved tree with many branches receiving high levels of branch support; yet, there was discordance for the placement of a number of clades, particularly with the placement of Salamandrella and Pachyhynobius. Concatenated nuclear results provide yet another perspective on relationships among major clades, further complicating interpretations of hynobiid relationships. Taxon sampling has been demonstrated as an important factor in phylogenetic accuracy (DeBry, 2005; Heath et al., 2008; Hillis et al., 2003; Pollock et al., 2002; . Furthermore, phylogenomic studies of complete organellar DNA sequence may be prone to providing highly precise, but inaccurate reconstructions when limited taxon sampling is used (Braun & Kimball, 2002; Samuels et al., 2005; Soltis et al., 2004; Stefanovic et al., 2004) . A phylogenetic analysis of the Hynobiidae using dense species sampling with a large mtDNA sequence data set may help to clarify the resolution of deeper relationships.
In this study we attempt to further address the phylogenetic history of the Hynobiidae with mtDNA sequence data from a densely sampled set of 40 hynobiid species and all three species in the sister family Cryptobranchidae. The major contribution of this work is that it includes much greater taxonomic sampling than that used in the mitogenomic and nuclear studies of Zhang et al. (2006) and Zheng et al. (2011) . Furthermore, while it includes a similar taxon sampling strategy to that used in Pyron & Wiens (2011) , it uses additional mtDNA data that was not included in that study. We present a mtDNA data set of nearly 2500 aligned nucleotide positions comprised of two different contiguous regions: (1) 12S-tRNA Val -16S and (2) ND2-COI. We apply parsimony, Bayesian, and maximum likelihood (ML) optimality criteria to reconstruct phylogenetic relationships and we calculate parsimony bootstrap values (PB), decay indices (DI), Bayesian posterior probabilities (PP), and maximum likelihood bootstrap values (MLB) as heuristic measures of branch support.
Material and methods
Taxon sampling and data collection. In this study we collected DNA sequence data from 48 individuals representing 37 of the over 50 currently described hynobiid species [note: hynobiid taxonomy is in flux so we defer to further studies to stabilize the number of species in the group; i.e., Peng et al., (2010) ] and all three recognized cryptobranchid species (Table 1) . For four hynobiid species and the outgroup taxon Andrias japonicus we collected data from individuals representing multiple localities (Table 1) . We included all three species of the family Cryptobranchidae in our study as an outgroup, because numerous lines of evidence support its sister relationship with hynobiids (Roelants et al., 2007; Weisrock et al., 2005; Wiens et al., 2005; Zheng et al., 2011) . Hynobius boulengeri KUHE 25655 12S-16S: AY915984 ND2-COI: AY915936 Kamikitayama-mura, Nara Prefecture, Japan c o n t i n u e d n e x t p a g e Onychodactylus japonicus (2) W J-5, no voucher 12S-16S: AY915971 ND2-COI: AY915923 Kawakami-mura, Nara Prefecture, Japan c o n t i n u e d n e x t p a g e Genomic DNA was extracted from liver or muscle using the Qiagen QIAamp tissue kit. Amplification of genomic DNA was conducted using a denaturation at 94°C for 35 sec, annealing at 50°C for 35 sec, and extension at 70°C for 150 sec with 4 sec added to the extension per cycle, for 30 cycles. Negative controls were run for all amplifications. Amplified products were purified on 2.5% Nusieve GTG agarose gels and reamplified under similar conditions. Reamplified double-stranded products were purified on 2.5% acrylamide gels (Maniatis et al., 1982) . Template DNA was eluted from acrylamide passively over three days with Maniatis elution buffer (Maniatis et al., 1982) . Cycle-sequencing reactions were run using the Promega fmol DNA-sequencing system with a denaturation at 95°C for 35 sec, annealing at 45-60°C for 35 sec, and extension at 70°C for 1 min for 30 cycles. Sequencing reactions were run on Long Ranger sequencing gels for 5-12 hours at 38-40°C.
Amplifications from genomic DNA were done using two main primer combinations (Table 2) : L692-H3002 for the 12S-16S fragment, and L4437a-H5934 for the ND2-COI fragment. For Andrias davidianus, L4437b was used instead of L4437a, and for Cryptobranchus alleganiensis, L4160 was used instead of L4437a. Both strands were sequenced using the primers listed in Table 2 . Primer numbers refer to the 3' end on the human mitochondrial genome (Anderson et al., 1981) , where L and H correspond to light and heavy strands, respectively. All sequences generated in this study are deposited in GenBank (See Table 1 for accession numbers). Specimen collection was started in 1986 and DNA sequencing initiated in 1992. Phylogenetic tree reconstruction. Alignment of protein coding and tRNA gene sequences were performed manually using amino-acid sequence translations for protein-coding genes and secondary-structural models for tRNA genes. Transfer-RNA secondary structure was determined manually using the criteria of Kumazawa & Nishida (1993) to ensure proper alignment (Macey & Verma, 1997) . Protein-coding sequences were translated to amino acids using MacClade (Maddison & Maddison, 2000) for confirmation of alignment.
Alignments of mitochondrial ribosomal RNA gene sequences were constructed based on secondary structural models. The second and fourth domains of the 12S rRNA gene were aligned to the secondary structural model of Cyprinus carpio from Van de Peer et al. (1994) . The third domain of the 12S rRNA gene was aligned to the secondary structural models presented in Hickson et al. (1996) . Stems were numbered as in Van de Peer et al. (1994) . For the 16S rRNA gene sequences, alignments were constructed based on the secondary structural model of Xenopus leavis from Gutell & Fox (1988) . Stems of the 16S rRNA gene were numbered from the 5' end and the region sequenced corresponds to the first half of the 5' half of the gene. Stem regions were further assessed by examination of base-pairing across all taxa. Sequences homologous to the longest stem discovered across all taxa were considered to correspond to a potential stem region. The data alignment of all DNA sequences used in this study has been deposited in the Dryad online repository (http://dx.doi.org/10.5061/dryad.g9117).
We performed phylogenetic analysis on our data using parsimony, Bayesian, and maximum likelihood criteria. Our parsimony analyses were performed on a total concatenated data set of all DNA sequence data. Parsimony analyses were performed using the program PAUP* v4.0 (Swofford, 2002) . Heuristic searches were performed with 100 random-addition replicates and TBR branch swapping. All analyses gave equal weight to all character changes. To assess support for branches in parsimony trees, bootstrap percentages were calculated using 1000 bootstrap replicates with 100 random additions per replicate, and decay indices were calculated using constraint trees generated in TreeRot v2 (Sorenson, 1999) and analyzed in PAUP*.
Our Bayesian analyses of the total data set used two different data partitioning schemes: A three partition analysis using the protein coding, tRNA, and rRNA gene regions, and a seven partition analysis separating the protein coding data into 1 st , 2 nd , and 3 rd positions, the encoding tRNA data into stems and loops, and the rRNA encoding data into stems and loops.
Bayesian phylogenetic analysis was performed using MrBayes v3.1.2 (Huelsenbeck et al., 2001; Ronquist & Huelsenbeck, 2003) . All Bayesian analyses used four Markov chains with the temperature profile at the default setting of 0.2. The best-fit evolutionary model used was determined using Akaike Information Criterion as implemented in MODELTEST v3.06 (Posada & Crandall, 1998) . Flat dirichlet priors were used for the General Time-Reversible (GTR) substitution-rate parameters and for all base-frequency parameters. A flat Beta prior was used in estimating the transition/transversion substitution-rate parameter. Uniform priors were used for the gamma shape parameter and the proportion of invariant sites parameter. Unconstrained, uniform priors were used for topology and branch-length estimation. A molecular clock was not enforced. Five million generations were run with a sample taken every 1000 th generation. The program TRACER v1.3 was used to determine when the sampling log likelihoods (lnL) reached a stationary distribution. In all Bayesian analyses, a stable posterior was reached within 50,000 generations; the first one million generations were discarded as burn-in. Bayesian runs were replicated in four independent analyses. Trees sampled from the posterior distribution of all four analyses were combined into a single file and parsed with the program TreeAnnotator v1.4 to generate a consensus phylogram and posterior probabilities for individual branches.
Maximum likelihood analyses were conducted using RAxML v7.0.4 (Stamatakis et al., 2005) . We conducted a rapid Bootstrap analysis and searched for the best-scoring ML in a single run, with the rapid hill-climbing algorithm (Stamatakis et al., 2008) , and one partition for each gene region (12S, 16S, OL, ND2 + COI, and each tRNA; note, the small COI segment was combined with the ND2 protein encoding region because RAxML will not allow for such a short partition) for a total of 11 partitions, under the GTRMIX model of nucleotide substitutions for 1000 bootstrap inferences. This model uses a GTR approximation to initiate the search, and uses a GTR + model, with 25 discrete gamma rate categories, for the final tree topology.
Results
Our total mtDNA data alignment of the 12S-16S and ND2-COI gene regions contains 2566 character positions, of which 151 are excluded due to ambiguous alignment. Of the included characters, 1157 are variable with 957 of these being parsimony informative. Parsimony analysis of the total data set produces two trees of 4477 steps in length. The strict consensus of these two trees is presented (Fig. 1) .
Using AIC, the three-partition character sets (protein-coding, tRNA, and rRNA) are each found to be best fit to a GTR+I+G model. The seven-partition character sets are each found to be best fit to a GTR+I+G model, except for the tRNA loops, which are best fit to an HKY+I+G model. 2. Bayesian majority-rule consensus phylogram resulting from the posterior density of a seven-partition analysis of the combined 12S-16S and ND2-COI mtDNA genic sequence data. There was no topological difference with this tree and that derived from a three partition analysis of the data. Species with two or more sampled individuals are numbered as in Table 1 Bayesian analysis of the three-partition data produces a posterior density with an average lnL of -23210.0. Bayesian analysis of the seven-partition data set produces a posterior density with an average lnL of -22850.0. The topological differences between the two different partition schemes are minimal and the consensus phylogram from the seven-partition posterior density is presented (Fig. 2) . Maximum likelihood analysis of a 12 partition data set (analyzing each tRNA genic region separately) produced a single tree with an lnL of -27270.3 (Fig. 3) .
In general, the parsimony, Bayesian, and ML trees agree in the resolution of many of the major hynobiid clades. For example, monophyly of the specious-genus Hynobius receives high levels of branch support (PB = 94, DI = 8, PP = 1.0, MLB = 99). Branches yielding monophyly of the genera Batrachuperus, Liua, Onychodactylus, Paradactylodon, and Salamandrella receive similar or stronger levels of support (Figs. 1-3 ). There is also concordance across analyses in the relationships among some of these clades: the Hynobiidae is monophyletic (PB = 100, DI = 139, PP = 1.0, MLB = 100), the genus Onychodactylus is placed as sister to the remaining hynobiids (PB = 100, DI = 63, PP = 1.0, MLB = 100), and the monotypic genus Ranodon is placed in a clade with Paradactylodon (BP = 91, DI = 9, PP = 1.0, MLB = 100). All analyses also place the genus Pseudohynobius in a clade with the genus Liua, and place this clade in a larger clade with the genus Batrachuperus; however while Bayesian PPs and ML bootstrap values are high for these relationships (PP >0.98, MLB >94), parsimony support is much weaker (BP = 68 and 70, DI = 4 and 6).
Discordance among analyses is most distinctly seen among the deeper attempts at reconstructing relationships of the Hynobiidae. Bayesian and ML analyses place Salamandrella as the sister clade to all remaining hynobiids except for Onychodactylus (PP = 0.98, MLB <50) and these analyses place Hynobius, Pachyhynobius, Paradactylodon, and Ranodon in a separate clade (PP = 0.99, MLB <50). All analyses place Ranodon and Paradactylodon together with strong branch support. However, in the parsimony tree the Ranodon and Paradactylodon clade is placed as the sister clade to all remaining hynobiids except for Onychodactylus (PB <50, DI = 4), Salamandrella is placed in a clade with Pachyhynobius (PB <50, DI = 4), and Hynobius is placed sister to a clade containing Batrachuperus, Liua, and Pseudohynobius (PB <50, DI = 4).
Discussion
With taxon sampling that comprises approximately 80% of all known species and a large mtDNA data set containing over 2400 analyzed characters, our phylogenetic results resolve the Hynobiidae into a number of strongly supported clades. Nonetheless, while the deepest divergence between the genus Onychodactylus (majorgroup I, Fig. 4 ) and all remaining hynobiids (major-group II, Fig. 4 ) is overwhelmingly supported in all analyses, relationships among the remaining major hynobiid clades are considerably less clear. For example, Bayesian analysis places Salamandrella as the sister clade to all remaining hynobiids, excluding Onychodactylus, with a PP = 0.98. Alternatively, maximum likelihood analysis resolves this relationship with weak branch support, and parsimony analysis weakly places the Ranodon and Paradactylodon clade in this position and instead weakly supports Salamandrella as the sister clade to Pachyhynobius. Discordance across optimality criteria for phylogenetic relationships among deeply diverged groups is considerable.
In the parsimony-based analysis (Fig. 1) we identify three weakly-supported branches (each with bootstrap support <50 and decay values of four) that are not found in the Bayesian and maximum likelihood trees (Figs. 2, 3 ). Collapsing these branches in the parsimony tree results in a polytomy that comprises five main clades (major group II, Fig. 4 The most likely synthesis of these results are that the temporal durations of branching events during the early periods of hynobiid diversification (after the split with Onychodactylus) were very short, relative to subsequent durations of evolutionary time. Bayesian and ML analyses may be expected to better account for this type of phylogenetic history. However, these phylogenetic approaches rely heavily on proper model specification (Huelsenbeck & Rannala 2004) , and in the case of Bayesian analysis, on properly dealing with prior uncertainty (Zwickl & Holder 2004; Kolaczkowski & Thornton 2007 ). An inability to meet these criteria can produce inflated branch support for inaccurate topologies. Indeed, Weisrock et al. (2005) documented high Bayesian support for deep and short mtDNA branches in salamander family phylogenetics that were strongly discordant with robustly supported results from Bayesian and parsimony analyses of a more slowly evolving nuclear gene (Wiens et al., 2005) . The increased level of taxon sampling in this study relative to previous studies has done well in clarifying how species are grouped into major clades, but without concordant signal across analyses the phylogenetic relationships among these five main hynobiid clades appears to be largely unresolved.
FIGURE 4. Simplified cladogram of the Hynobiidae depicting the basal split between Onychodactylus (major-group I) and all remaining hynobiids (major-group II) and the polytomy among the five major hynobiid clades (see Discussion for IIA-IIE). The polytomy is inferred based on conflicting estimates of relationships across phylogenetic optimality criteria and weak branch support in the parsimony and maximum likelihood trees.
Interestingly, similar patterns are seen in the complete mtDNA genome results of Zhang et al. (2006) . As in our results, discordance across optimality criteria exists at one of the deeper nodes in the complete mtDNA genome tree [node d in Zhang et al. (2006) ] and additional deep nodes that receive Bayesian PPs = 1.0 are paired with reduced levels of parsimony bootstrap support [nodes f, j, and k in Zhang et al. (2006) ]. With this in mind, it is important to consider the greater potential for systematic bias in large data sets as a result of an increased potential for convergently evolved character states. This problem can become more acute when taxon sampling is limited (Soltis et al., 2004) , and has been documented to produce inaccurate topologies in a number of studies (e.g., Stefanovic et al., 2004; Samuels et al., 2005; Nishihara et al., 2007) . Increased taxon sampling in the complete mtDNA genome results of Zheng et al. (2011) does not appear to improve resolution of deep hynobiid phylogenetic relationships, as their complete mtDNA genome tree conflicts substantially with a tree derived from concatenated analysis of three nuclear genes, particularly with respect to the placement of Salamandrella. Overall, we suggest that the substantial discordance seen across analyses in this study, and across data sets in other studies leaves us with a very uncertain picture of the deeper regions of hynobiid phylogenetic history. Our best interpretation is that, while the sister relationship between Onychodactylus and all remaining hynobiids is robust, the five major clades within this latter group should be best viewed as a polytomy (Fig. 4) until subsequent studies can provide new evidence that robustly disentangles their history. Future studies utilizing near-complete taxon sampling and multiple independent genes analyzed in a non-concatenated framework are expected to be necessary to more robustly reconstruct these regions of hynobiid phylogenetic relationships.
The persistence of the ancient group comprising Onychodactylus species at high-latitudes in northeastern Asia is intriguing. It is noteworthy that much of northern Asia, particularly the northeast, was never fully glaciated, unlike most of North America and Europe (McIntrye et al., 1976) .
Finally, it has not escaped us that the complexity of plate tectonic development of Asia has played a major role in the diversification of the Hynobiidae. Asia is a conglomeration of plates that fused to the southern margin (reviewed in Macey et al., 1999; Macey et al., 2000) . Ancient plates that currently are internal allow for more modern shifts along ancient suture zones. The North and South China Blocks fused, followed by numerous small plates making up Tibet, Iran, Afghanistan, and as deep as Mongolia. The major modern events that occur impinging these plates are: (1) 120 million years ago Southeast Asian plates conglomerate and push into Asia in a northwestern direction; (2) India collides with South Asia 50 million years ago in a northern direction that underplates Tibet; and (3) Arabia collides 18 million years ago with fused ancient plates now in southwestern Asia, and Arabia is forced in a northeastern direction by the northern movement of Africa contacting Europe. The three modern Asian plate regions are moving in different directions, impacting internal Asian plates with such force that ancient suture zones become the largest grouping of high-elevation mountain belts in the world; hence producing internal continental speciation. We know plate tectonics result in speciation among the Hynobiidae because of strict endemism in Taiwan associated with no close mainland taxa, caused by the north movement of the Philippine Plate and uplifting the island 4 million years ago (Angelier et al., 1990; Lee et al., 1997) . We suggest that future studies aimed at resolving the biogeographic history of the Hynobiidae strongly consider the role of plate tectonics as an important factor in driving speciation and diversification.
